Introduction
Since defibrillation by high-energy electric shocks is the only effective means for termination of ventricular fibrillation, defibrillation shocks are now widely used in clinical practice for prevention of sudden cardiac death. However, the high-energy shocks could result in myocardial dysfunction and damage (Runsio et al., 1997) and in psychological trauma (Maisel, 2006) . Comprehensive understanding of the ventricular response to electric shocks as well as the mechanisms of defibrillation failure is the approach most likely to succeed in reducing shock energy. Recent experimental techniques, such as high-resolution mapping with multi-electrodes or optical recordings, have provided new characterizations of tissue responses to electric shocks. However, the mechanisms of the success and failure of defibrillation are not fully understood since the presently available experimental techniques, which provide detailed information about the myocardial surface (mostly epicardial) activity, are insufficient in resolving depth information during and after the electric shocks. Moreover, electrical or optical signal artifacts during the shock make it difficult for the researchers to get direct evidence regardig the mechanisms of electrical defibrillation. It has been demonstrated experimentally that after the delivery of shocks of strength near the defibrillation threshold (DFT) from an implantable cardioverter-defibrillator (ICD) device, the first global activation consistently arises focally on the left ventricle (LV) (Chattipakorn et al., 2001 (Chattipakorn et al., , 2003 following an isoelectric window (a quiescent period following the shock). Understanding the origins of the isoelectric window is thus of great importance for uncovering the mechanisms of defibrillation failure. Various hypothesis have been proposed for the existence of the isoelectric window, including virtual electrodeinduced propagated graded response (Trayanova et al., 2003) , calcium sinkholes (Hwang et al., 2006) , and activations emanating from Purkinje fibers (Dosdall et al., 2007) ; however, the mechanisms responsible for it remain inconclusive. In this context, we hypothesized that submerged "tunnel propagation" of postshock activation (PA) through shock-induced intramural excitable areas underlies both fibrillation induction and failed defibrillation by shocks as well as the existence of an isoelectric window. To test this hypothesis, we analyzed the global three-dimensional activity in ventricles with the use of a recently-developed realistic computer model of stimulation/defibrillation in the rabbit heart (Trayanova et al., 2002) . Simulations with this www.intechopen.com Cardiac Defibrillation -Mechanisms, Challenges and Implications 4 model, termed the rabbit bidomain model of defibrillation, have proven invaluable in understanding various aspects of the response of the heart to shocks (Rodriguez et al., 2005) . The bidomain model is a continuum representation of the myocardium, which takes into account both intracellular and extracellular current distributions through the myocardium. The objectives of this book chapter are to demonstrate the use of the realistic threedimensional bidomain rabbit ventricular model and failed defibrillation in uncovering the mechanisms of fibrillation induction and defibrillation failure.
Similarities between fibrillation induction and failed defibrillation
An isoelectric window (Chen et al., 1986a) , the quiescent period prior to the first global PA, has been experimentally documented following strong shocks. The presence of the isoelectric window following failed defibrillation attempts (Chen et al., 1986a; Shibata et al., 1988b; Wang et al., 2001 ) led to the understanding that an electric shock terminates ongoing fibrillation but then reinitiates it. Hence, the mechanisms of fibrillation induction and its reinitiation (failed defibrillation) are considered to be the same. Thus, elucidating the origin of PAs resulting in fibrillation induction provides invaluable insight into the mechanisms of defibrillation failure and could contribute significantly in finding novel ways to appreciably lower the shock energy. Indeed, striking similarities between these mechanisms have been found, particularly with regard to the propagation of the first global PA and the duration of the isoelectric window (Shibata et al., 1988a (Shibata et al., , 1988b Wang et al., 2001 ). The similarity is supported by the significant correlation between the upper limit of vulnerability (ULV) and DFT (Chen et al., 1986b; Swerdlow et al., 1998) . Based on these facts, we first focused on the mechanism responsible for the earliest-propagating PA in fibrillation induction by the electric shock, and then we extend the study to defibrillation failure.
Fibrillation induction following external shock
First, we conducted simulations of fibrillation induction following uniform-field external shocks with the use of the rabbit bidomain ventricular model, extensively validated with experimental measurements (Rodriguez et al., 2005) . Biphasic shocks were delivered via plate electrodes located in the vicinity of RV and LV free walls ( Figure 1A ). The ventricles were immersed in the perfusing bath. Figure 1B shows examples of arrhythmia non-induction and induction after 16-and 12-V/cm shocks, which are just above and near the ULV, respectively. Virtual electrodes (regions of positive and negative membrane polarization) induced by the shock (shock end, 0-ms panels) resulted in quick excitation of the ventricular surface (10-ms panels). Whereas no PA was induced by the 16-V/cm shock, for the 12-V/cm shock case, the earliestpropagated PA (arrows in 55-ms panel) led to the establishment of ventricular fibrillation (VF) (80-ms panel) following an isoelectric window. The origin of the initiating PA following the 12-V/cm shock is analyzed in Figure 1C . The initiating PA originated at the boundary between a recovered area unaffected by the shock and the shock-induced depolarized area as a virtual electrode-induced propagated graded response (zigzag arrow in 10-ms panel). This occurred deep within the LV wall, and the initiating PA proceeded transmurally toward the LV epicardium (20-ms panel), where tissue had already recovered, and became the earliest-propagated PA. 
Defibrillation failure following an ICD shock
We then extended the simulation study to electrical defibrillation by nonuniform-field ICD shocks. Biphasic shocks were delivered via ICD electrodes, a catheter in RV and an active can in the bath near the posterior LV (Figure 2A ). For near-DFT shock episodes, we examined PA origins, and we found that around half of the earliest-propagated PAs originated from shock-induced wavefronts and the other half from pre-existing wavefronts. This means that failed defibrillation for near-DFT shocks is not always associated with termination of pre-existing wavefronts and generation of new wavefronts by the shock. As shown in Figure 2B , the postshock excitable area in the RV after near-DFT shocks was directly depolarized by the shock and the one in the septum was immediately eradicated by break excitations elicited by the shock (black circles in 0-and 17-ms panels), whereas the main postshock excitable area was consistently located within the LV wall (red ellipsoid in 17-ms panel) since ICD electrodes generate weak virtual electrode polarization across the thick LV wall. Thus, the majority of postshock LV excitable area resulted from pre-existing excitable gaps during VF at the time of shock. This means that the larger excitable area in the LV wall allowed for postshock wavefronts of different origins to propagate unobstructed, increasing the likelihood of defibrillation failure. Thus, defibrillation shock outcome was affected by the preshock state. As shown in Figure 2C , whereas the earliest-propagated PA arose on the epicardium immediately after the 75-V shock end (white arrows in top panel), the increase in shock strength to 100 V changed the type of the earliest-propagated PA into a delayed breakthrough after an isoelectric window (middle panel). Further increase in the shock strength to 175 V caused the prolongation of the isoelectric window from 35 to 50 ms (compare middle and bottom panels). These simulation results suggest that high strength shocks caused the entire epicardium to become refractory and created midmyocardial www.intechopen.com excitable tunnel, through which a submerged initiating PA propagated during the isoelectric window, i.e., tunnel propagation occurred. After the isoelectric window, the initiating PA became the earliest-propagated PA, often reinitiating VF. We classified the events depending on the origin of the initiating PA, which was either preexisting fibrillatory or shock-induced wavefront. Figure 3A shows an example of the tunnel propagation of pre-existing initiating PA after the near-DFT shock. A pre-existing fibrillatory epicardial wavefront (arrow in preshock panel) became submerged at shock end (arrow in 0-ms panel) and propagated within the midmyocardial tunnel following the 175-V shock (arrow in 20-ms panel). The tunnel formation and the submerging of the wavefront were due to the epicardium becoming refractory after this near-DFT shock (compare epicardial regions in 0-and 20-ms panels), resulting in an isoelectric window of LV epicardium. Tunnel propagation ended in a breakthrough (exit from the tunnel) on the near LV apex after the isoelectric window (32-ms panel), causing the shock to fail. In contrast, Figure 3B shows an example of the tunnel propagation of initiating PA induced by near-DFT shock. There was no pre-existing wavefront, resulting in initiating PA at shock end (0-ms panel). After the 125-V shock, a new shock-induced wavefront propagated intramurally through the LV tunnel (arrow in 16-ms panel), emerging focally on the LV epicardium after the isoelectric window (34-ms panel), and causing the shock to fail.
Implications of the tunnel propagation hypothesis
The external monophasic shock study from our group (Rodriguez et al., 2005) demonstrated that shock outcome and the type of postshock arrhythmia depend on the distribution of the intramural excitable area (tunnel) formed by shock-induced deexcitation of previously refractory myocardium. We extended these findings and proposed the "tunnel propagation" hypothesis (Ashihara et al., 2008) for shock-induced arrhythmiogenesis that unifies all known aspects and findings regarding the postshock electric behavior of the heart, e.g., mechanisms of PA origin and isoelectric window after electric shocks, and the increase in isoelectric window duration for high strength shocks. Furthermore, we found that the tunnel propagation hypothesis is applicable to not only arrhythmia induction with external uniform-field shocks (Ashihara et al., 2008) but also defibrillation failure following nonuniform-field ICD shocks (Constantino et al., 2010) . As previously suggested by the ULV hypothesis (Chen et al., 1986a; Shibata et al., 1988b; Wang et al., 2001) , failed defibrillation by near-DFT shock may result from the reinitiation of VF following the isoelectric window since the pre-existing VF is entirely terminated by the shock ( Figure 4A ). If this is the case, the shock outcome must not be affected by the preshock state of ventricles. However, both defibrillation shock outcome and the DFT have probabilistic nature (Davy et al., 1987; Yashima et al., 2003) . The tunnel propagation hypothesis ( Figure 4B ) explains surmises that for successful defibrillation, pre-existing wavefronts may not be terminated by the strong shock but instead remain hidden in the intramural tunnel, in contrast to what was previously believed. Moreover, the tunnel propagation hypothesis can link defibrillation shock outcome to the preshock state of the ventricles. Based on the tunnel propagation hypothesis, both pre-existing and new shockinduced wavefronts propagate through the intramural excitable tunnel during the isoelectric window before the reinitiation of VF (defibrillation failure), and therefore the probability of defibrillation failure varies depending on the timing of shock delivery during VF. In fact, here we observed in the simulations that postshock propagation within the LV midmyocardium was strongly dependent on preshock state. However, the concepts proposed here do not limit the origin of the initiating PAs; these might have alternative origins, such as Purkinje fibers (Dosdall et al., 2007) . The tunnel hypothesis is independent of the origin of wavefronts that propagate through it. The increase in isoelectric window after high strength shock can also be explained by the prolongation of the epicardial refractoriness (surface polarization), resulting in the longer tunnel propagation. This is because intramural virtual electrode polarization is lower magnitude than surface polarization (Entcheva et al., 1999) and thus the LV midmyocardium, less affected by the shock, still contributes to the excitable tunnel even for higher strength shocks. Considering the high probability of the existence of the postshock excitable tunnel even for above-DFT shocks, defibrillation success may be explained by the fact that initiating PAs, originating within the wall, cannot find an excitable exit onto the epicardium and die out in the mid-myocardium. Obtaining such insight into the mechanisms of defibrillation would have been impossible with the use of experimentation alone.
Conclusion
The tunnel propagation hypothesis, as part of the set of mechanisms operating during defibrillation, is expected to shed light on possible strategies for lowering DFT as well as for developing new defibrillation devices.
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